The role of amygdaloid nuclei in locomotion, stereotypy, and conditioned place preference (CPP) 
The amygdala is a collection of anatomically and functionally diverse nuclei. The basolateral amygdala (BlA) is a cortical-like nucleus that plays an important role in forming associations between affective states and environmental stimuli, such as stimulus-reward associations (Alheid et al. 1992; Everitt and Robbins 1992) . The central amygdala (CeA) is part of the extended amygdala, which is a collection of anatomically and developmentally related brain regions (see Alheid and Heimer 1988) . The CeA plays a role in arousal, expression of emotions, and forming associations between environmental stimuli and affective states typically involving autonomic responses (see Kaada 1972; Kapp et al. 1992) .
Considering the anatomy and functions of the BlA and the CeA, it seems likely that these nuclei play a role in the stimulant and rewarding properties of psychomotor stimulants. For example, both of these nuclei are connected anatomically with the nucleus accumbens (NAc), a structure that plays an important role in motor behaviors and reward produced by psychomotor stimulants (Carr and White 1986; Carr and White 1987; Delfs et al. 1990 ). Specifically, the BlA sends dense excitatory projections to the NAc, and both the CeA and the NAc are part of the extended amygdala (Fuller et al. 1987; McDonald 1996) . In addition, the CeA receives dense dopamine (DA) efferents from the ventral tegmental area, and consequently, has more DA terminals relative to other amygdaloid nuclei (Ben-Ari et al. 1975; Kilts and Anderson 1987; Ungerstedt 1971) . The CeA also projects back to the ventral tegmental area and substantia nigra compacta, which contain the cell bodies of the mesocorticolimbic and nigrostriatal DA systems, respectively (Wallace et al. 1992 ). These reciprocal connec-tions suggest that the CeA likely influences the mesocorticolimbic and nigrostriatal DA systems that mediate motor behaviors and reward produced by psychomotor stimulants (for a recent review see Koob et al. 1993) . The role of the BlA and the CeA in forming associations between affective states and environmental stimuli is also relevant to reward produced by psychomotor stimulants, as drug-associated stimuli can enhance motor behaviors produced by psychomotor stimulants and reinstate drug-seeking behavior (Gerber and Strech 1975; Post et al. 1987; Stewart 1992) . Furthermore, the role of the CeA in arousal and the expression of emotions may be related to drug abuse processes.
Studies comparing the role of the BlA and the CeA in reward have demonstrated that these nuclei may be differentially involved in reward-related processes. The BlA plays an important role in forming stimulus-reward associations. For example, lesions of the BlA disrupt operant responding for a stimulus paired previously with food (Hatfield et al. 1996; Robledo et al. 1996) , sucrose (Burns et al. 1993) , water , or a receptive female ). In addition, lesions of the BlA abolish the ability of drug-associated cues to reinstate cocaine self-administration (SA) behavior (Meil and See 1997) . In contrast, previous studies suggest that the CeA plays a role in processing the reward value associated with a stimulus. For example, lesions of the CeA disrupt the ability of animals to adjust conditioned responding following postconditioning changes in the value of the primary reinforcer (Hatfield et al. 1996) and disrupt memory for the magnitude of reinforcement on an 8-arm radial maze (Kesner et al. 1989) . Lesions of the CeA also disrupt the ability of intra-NAc infusions of amphetamine to potentiate conditioned reinforcement (Robledo et al. 1996) . Furthermore, the CeA may play a direct role in reward-related processes, as stimulation of the CeA, but not the BlA, supports electrical brain self-stimulation (Wurtz and Olds 1963) . Collectively, these studies suggest that the BlA is important for forming stimulus-reward associations, whereas the CeA is important for processing reward value.
Previous research suggests that the BlA and the CeA play a role in reward produced by psychomotor stimulants. For example, SA studies suggest that the BlA and the CeA play a role in reward produced by cocaine, as both lesions and intra-BlA or intra-CeA administration of the DA D1 antagonist SCH 23390 decrease cocaine SA behavior, consistent with reward reduction (Caine et al. 1995; McGregor and Roberts 1993; McGregor et al. 1994; Whitelaw et al. 1996) . However, Deminere et al. (1988) demonstrated that 6-hydroxydopamine (6-OHDA) lesions of the BlA shift the amphetamine SA doseresponse curve to the left, consistent with reward enhancement. The discrepancy between these studies may be due to the different effects of cocaine and amphetamine, or the manipulation used to alter DA neurotransmission. For example, 6-OHDA lesions of the amygdala also produce an increase in DA turnover in the NAc (Deminere et al. 1988) . Therefore, the facilitation of amphetamine reward following 6-OHDA lesions may be due to increased DA neurotransmission in the NAc. Collectively, the SA studies suggest that the BlA and the CeA play a role in the reward produced by psychomotor stimulants.
Conditioned place preference (CPP) studies also suggest that the amygdala plays a role in reward produced by psychomotor stimulants, as lesions of the entire amygdala disrupt cocaine-CPP (Brown and Fibiger 1993) . However, the lateral portions of the amygdala appear to mediate amphetamine-CPP, as this effect is disrupted by lesions of the lateral amygdala but not by lesions of the BlA or CeA (Hiroi and White 1991) . This study suggests that neither the BlA or the CeA are necessary for amphetamine reward. However, it is presently unclear whether stimulation of these nuclei is sufficient to produce CPP. One study that addressed this question demonstrated that intra-CeA infusions of amphetamine do not produce CPP (Carr and White 1986) . The focus of that study, however, was to compare the effects of amphetamine infusions into several brain regions using a single dose of amphetamine that produced CPP following intra-NAc administration. Therefore, it is possible that intra-amygdaloid infusions of another dose of amphetamine or cocaine would produce CPP.
It is also unclear whether the BlA or CeA plays a role in stimulant behavior produced by cocaine and amphetamine. For example, Carr and White (1987) demonstrated that bilateral infusions of amphetamine into the CeA produces an increase in standing still and no changes in any component of stereotypy. The results from the Carr and White study do not preclude the role of the CeA in initiating motor behaviors because only one dose of amphetamine was injected into the CeA. Furthermore, it is possible that other amygdaloid nuclei may play a role in initiating these behaviors. Indeed, Wang and Rebec (1996) demonstrated that unilateral infusions of amphetamine into the amygdala, but not directed at a specific nucleus, elicit rotational behavior, rearing, and sniffing.
The present study assessed whether the CeA and/or the BlA are involved in initiating the rewarding and stimulant effects produced by psychomotor stimulants. This question was examined by investigating whether infusions of various doses of cocaine or amphetamine into the CeA or the BlA would produce CPP, locomotion, and/or stereotypy.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats weighing 325 Ϯ 25 g were housed individually in a climate controlled facility with a 12-h light/dark cycle. They were acclimated to handling for 4-5 days before surgery.
Surgical Procedure
Rats were anesthetized using sodium pentobarbital (50 mg/kg, IP) in conjunction with atropine sulfate (10 mg/ kg, IP). Their heads were then shaved and cleaned, and they were placed into a stereotaxic instrument. A midsagital incision was made across the skull, and the connective tissue was retracted. Guide cannulae (23 gauge stainless steel) were implanted bilaterally into either the lateral ventricles, the BlA, or the CeA using the following coordinates, respectively: Ϫ 0.9 mm AP and Ϯ 1.4 mm ML with respect to bregma, and Ϫ 2.7 mm DV from the surface of the skull; Ϫ 2.6 mm AP and Ϯ 4.8 mm ML with respect to bregma, and Ϫ 7.6 mm DV from the surface of the skull; Ϫ 2.6 mm AP and Ϯ 4.3 mm ML with respect to bregma, and Ϫ 7.1 mm DV from the surface of the skull. The coordinates were derived using the Paxinos and Watson (1986) atlas. Three small screws were placed around the cannulae, and the screws and cannulae were secured to the skull using dental acrylic cement. Approximately 12 h after surgery, wire stylets were placed into the guide cannulae to maintain patency. The rats were allowed 4 days to recover from surgery and were handled each recovery day.
Apparatus
Behavioral testing was conducted in rectangular Plexiglas chambers 76 ϫ 24 ϫ 30 cm high. Each chamber consisted of two compartments separated by a removable partition that bisected the chamber. One compartment had pine scented bedding beneath a wire mesh floor and all but the front wall were white. The other compartment had cedar scented bedding beneath a bar grid floor and all but the front wall were black. The front wall of the chambers was transparent to allow direct observation of the rats' behavior. On the CPP test days, the solid partition was replaced by a similar partition that contained an opening in the center (8 ϫ 8 cm high) that allowed the rats free access to both compartments simultaneously. Preliminary experiments demonstrated that rats exhibit equal preference for the two compartments (O'Dell et al. 1996) . Each compartment had two sets of photocells and detectors mounted opposite each other 27 cm apart and 4 cm above the floor. A computer-automated relay system recorded the number of times the individual photobeams were interrupted consecutively by the rat crossing from one end of the compartment to the other (i.e., crosses).
Experimental Design and Conditioning Procedure
Rats were randomly assigned to receive ICV, intra-BlA, or intra-CeA infusions of saline ( N ϭ 12-15), d -amphetamine (0.31, 0.62, 1.25, 5, 10, or 20 g/0.5 l; N ϭ 7-10 per dose), or cocaine (25, 50, or 100 g/0.5 l; N ϭ 7-12 per dose). To administer an intracranial infusion, the injection cannulae (30 gauge stainless steel) were connected via PE20 tubing to 10 l Hamilton syringes placed in an infusion pump. They were inserted to a depth 1 mm beyond the guide cannulae. One minute later, the pump was activated and administered 0.5 l over 3 min and 10 s. The injection cannulae were left in place for 1 min following the infusion. Sham infusions were administered in the same manner, except no fluid was infused.
Each conditioning trial took place over a 2-day period. On one day, rats received bilateral infusions of saline or their assigned dose of cocaine or amphetamine and were immediately placed into their infusion-paired compartment for 30 min. The following day, the rats received bilateral sham infusions and were immediately placed into the sham-paired compartment for 30 min. The sham infusion procedure was used in order to minimize tissue damage from repeated intracranial infusions. This 2-day conditioning procedure was repeated over 10 consecutive days for a total of 5 conditioning trials. The particular compartment paired with the infusion and the order of placement into the infusion-paired versus sham-paired compartments were counterbalanced across groups.
Behavioral Testing
Locomotion was recorded daily by the computer-automated system. Stereotypic behaviors including rearing, sniffing, and headbobbing were recorded following the first and last intracranial infusion every 10 s for the duration of the 30-min test period. These measures were recorded by an observer who was unaware of the rats' previous treatment. N EUROPSYCHOPHARMACOLOGY 1999 -VOL . 20 , NO . 6 The day after the conditioning procedure was completed, the rats were tested for CPP. The solid partition was removed and replaced with a partition that contained an opening, allowing the rats free access to both compartments simultaneously. All rats were placed into the black compartment initially such that, within each experimental condition, half of the rats were placed into their infusion-paired compartment and the other half were placed into their sham-paired compartment. The amount of time the rats spent in each compartment was then measured for 15 min by an observer who was unaware of the rats' previous treatment. Entry into a compartment was defined as both of the rats' front paws contacting the floor of that compartment.
Verification of Cannulae Placements
Rats received a 0.5-l/side infusion of black ink (Carter's, Neat-Flo). Approximately 5-10 min after the infusion, the rats were decapitated, and their brains were removed. Cannulae placements for each subject were estimated as the most ventral point of the tract using the Paxinos and Watson (1986) atlas. Cannula placements into the ventricles were evident from the spread of black ink throughout the lateral ventricles.
Statistical Analyses
Motor behaviors were analyzed using one-way ANOVAs totaled across all trials for locomotion and trials 1 and 5 for stereotypic behaviors. Subsequent pairwise comparisons were made using Fisher LSD tests. CPP data were analyzed using one-way ANOVAs to compare time spent in the infusion-paired compartment across treatment groups. Subsequent pairwise comparisons were made using Fisher LSD tests to compare time spent in the infusion-paired compartment in drugtreated rats relative to their respective saline controls. Figure 1 illustrates the approximate point of drug infusion into the BlA, and Figure 2 illustrates the approximate point of drug infusion in the CeA. All cannula placements were located within 0.6 mm of the intended site of infusion.
RESULTS
Cannula Placements
Locomotion
Figure 3 illustrates dose-dependent effects of ICV, intraBlA, or intra-CeA infusions of cocaine or amphetamine on locomotion totaled across trials. As expected, ICV infusions of cocaine produced an increase in locomotion (F[3,34] ϭ 15.2, p Ͻ .0001). Rats receiving 50 or 100 g/ side of cocaine exhibited an increase in locomotion relative to saline controls (p Ͻ .05, Fisher LSD test). In contrast, both intra-BlA and intra-CeA infusions of cocaine produced only a slight increase in locomotion (F[3,34] ϭ 3.2, p Ͻ .03; F[3,35] ϭ 3.0, p Ͻ .04, respectively). Rats receiving 100 g/side of cocaine into either nucleus exhibited an increase in locomotion relative to saline controls (p Ͻ .05, Fisher LSD test).
As expected, ICV infusions of amphetamine also produced an increase in locomotion (F[6,57] ϭ 4.85, p Ͻ .001). Rats receiving 2.5-20 g/side of amphetamine exhibited an increase in locomotion relative to saline controls (p Ͻ .05, Fisher LSD test). Intra-BlA infusions of amphetamine produced a trend toward an increase in locomotion (F[3,34] ϭ 2.7, p Ͻ .06). In fact, post-hoc comparisons revealed that rats receiving 5 g/side of amphetamine exhibited an increase in locomotion relative to saline controls (p Ͻ .05, Fisher LSD test). IntraCeA infusions of amphetamine produced a significant increase in locomotion (F[7,64] Table 1 illustrates dose-dependent effects of ICV, intraBlA, and intra-CeA infusions of saline, cocaine, or amphetamine on stereotypic behavior totaled across trials 1 and 5. Rearing was the only stereotypic behavior that was altered by the infusions. Rearing dose-dependently increased following ICV infusions of cocaine (F[3,34] ϭ 
Stereotypic Behavior
Conditioned Place Preference
ICV infusions of either cocaine or amphetamine produced CPP. Figure 4 illustrates the amount of time animals spent in the infusion-paired compartment in rats that previously received ICV infusions of saline, cocaine, or amphetamine. The ANOVA revealed a main effect of dose in rats receiving ICV infusions of either cocaine (F[3,34] ϭ 2.8, p Ͻ .05) or amphetamine (F[6,57] ϭ 3.4, p Ͻ .005). Rats receiving 50 or 100 g/side of cocaine or 2.5-20 g/side of amphetamine spent significantly more time in the infusion-paired compartment relative to saline controls (p Ͻ .05, Fisher LSD test).
Intra-BlA infusions of either cocaine or amphetamine did not produce CPP. Figure 5 illustrates the amount of time animals spent in the infusion-paired compartment in rats that previously received intra-BlA infusions of saline, cocaine, or amphetamine. There was no significant main effect of dose in rats receiving intra-BlA infusions of either cocaine (F[3,34] 
Intra-CeA infusions of cocaine produced a trend toward CPP at the highest dose only, whereas intra-CeA infusions of amphetamine potently produced CPP. Figure 6 illustrates the amount of time animals spent in the infusion-paired compartment in rats that previously received intra-CeA infusions of saline, cocaine, or amphetamine. There was no significant main effect of dose in rats receiving intra-CeA infusions of cocaine (F[3,37] ϭ 2.0, p Ͻ .12). However, rats receiving 100 g/side of cocaine exhibited a trend towards spending more time in the infusion-paired compartment relative to saline controls (p Ͻ .05, Fisher LSD test). There was a main effect of dose in rats receiving intra-CeA infusions of amphetamine (F [7, 64] ϭ 2.9, p Ͻ .01). Rats receiving 2.5 and 5 g/side of amphetamine spent significantly more time in the infusion-paired compartment relative to saline controls (p Ͻ .05, Fisher LSD test). In addition, rats receiv- 
DISCUSSION
This study provides the first comparison of stimulant behaviors and CPP following ICV, intra-BlA, and intraCeA infusions of various doses of cocaine or amphetamine. As expected from previous research, ICV infusions of cocaine or amphetamine produced stimulant behaviors and CPP (Hemby et al. 1994; Morency and Beninger 1986; Calcagnetti and Schechter 1992) . IntraBlA infusions of cocaine or amphetamine did not produce stimulant behaviors or CPP, with the exception of the highest dose of cocaine that produced an increase in locomotion. Intra-CeA infusions of the highest dose of cocaine also produced locomotion and a trend toward CPP. Intra-CeA infusions of amphetamine, however, potently produced rearing, locomotion, and CPP.
Support for a role of amygdaloid nuclei in initiating the behavioral effects of cocaine from the present study is tenuous because only the highest dose of cocaine (100 g) produced behavioral effects following infusions into these nuclei. A previous study indicated that behavioral effects produced by this high dose of cocaine are not likely region-specific due to diffusion to neighboring brain regions (Delfs et al. 1990 ). Thus, it is possible that the effects observed at the highest dose of cocaine in the present study may have been mediated by diffusion of drug to neighboring regions. It is also possible that the behavioral effects observed following intra-amygdala infusions of the highest dose of cocaine were due to local anesthetic effects in the amygdala. Consistent with this idea, intra-BlA infusions of tetrodotoxin, which inhibits spontaneous neuronal activity, increases the electrochemical signal in the NAc for the DA metabolite dihydroxyphenyl acedic acid (Louilot et al. 1985) . Thus, the local anesthetic properties of the highest dose of cocaine may have inhibited neuronal activity in the BlA leading to an increase in DA neurotransmission in the NAc, thereby producing the increase in locomotion. The lack of region-specific and dose-dependent behavioral changes following intracranial infusions of cocaine in this study highlights the difficulties using intracranial administration of cocaine to localize behavioral effects of this drug.
In contrast to cocaine, the effects of amphetamine were dose-dependent and region-specific. Furthermore, Figure 6 . Time spent (sec Ϯ SEM) in the infusion-paired compartment in rats that previously received intra-CeA infusion of saline, cocaine, or amphetamine. The horizontal line represents 50% of the total test time, such that values above the line reflect a preference for the infusion-paired compartment. Asterisks represent a significant increase in the amount of time spent in the infusion-paired side in conditioned rats relative to saline controls (Fisher LSD test, p Ͻ .05).
the findings suggest that the CeA plays a role in initiating stimulant behavior produced by amphetamine. Specifically, intra-CeA infusions of low doses of amphetamine produced locomotion and rearing. In fact, intra-CeA infusions of amphetamine produced locomotion at a dose that was ineffective following ICV infusions. The dose-response curve for locomotion following intra-CeA infusions of amphetamine is consistent with previous research demonstrating that intra-CeA infusions of a high dose of amphetamine (10 g) do not alter stimulant behaviors, whereas infusions of a lower dose of amphetamine (5 g) produce an increase in locomotion and rearing irrespective of the amygdaloid nuclei (Carr and White 1987; Wang and Rebec 1996) . The lack of locomotion at higher intra-CeA doses of amphetamine may be related to arousal processes, as stimulation of the CeA produces an arrest of ongoing behavior and an orienting response (see Kapp et al. 1992 ). Therefore, it is possible that these high doses produced an arrest of behavior that interfered with locomotion. Collectively, these findings suggest that the CeA plays a role in initiating stimulant behavior produced by amphetamine.
Intra-CeA infusions of amphetamine produced an inverted U-shaped dose-response curve for CPP. Specifically, intra-CeA infusions of low doses (0-1.25 g) or higher doses (10 and 20 g) of amphetamine did not produce CPP, whereas intermediate doses (2.5 and 5 g) of amphetamine produced CPP. The finding that 10 g infusions of intra-CeA amphetamine failed to produce CPP is consistent with a previous study by Carr and White (1986) . The lack of CPP at higher doses of intra-CeA amphetamine is somewhat surprising given that ICV administration of these doses produced CPP. However, a meta-analysis of CPP effect size across doses of amphetamine administered systemically has revealed a similar inverted U-shaped change (Bardo et al. 1995) . It is possible that high doses of amphetamine may be less rewarding or may produce aversive effects that compete with their rewarding effects.
The finding that the CeA, but not the BlA, plays a role in initiating CPP produced by amphetamine is consistent with other studies that have examined reward. For example, electrical self-stimulation was elicited by electrodes placed into the CeA but not the BlA (Wurtz and Olds 1963) . In addition, lesions of the CeA, but not the BlA, disrupted memory for the magnitude of reinforcement on an 8-arm radial maze (Kesner et al. 1989) . Moreover, lesions of the CeA, but not the BlA, disrupt the ability of intra-NAc infusions of amphetamine to potentiate responding for a stimulus paired previously with a primary reinforcer. Based on these findings, Robledo et al. (1996) suggested that the BlA plays a role in forming associations between stimuli and rewarding effects, whereas the CeA plays a role in reward-related processes that are mediated by the NAc. The present study does not directly address the role of the CeA in reward-related processes that are mediated by the NAc. However, the finding that intra-CeA infusions of amphetamine produces locomotion and CPP, similar to intra-NAc infusions, suggests that the CeA and the NAc may share a common functional role in initiating motor behavior and reward produced by amphetamine (Carr and White 1986; Carr and White 1987) . The notion that these structures share a common functional role is consistent with their anatomical relationship as part of the extended amygdala (Alheid et al. 1992) . Therefore, the CeA may be part of a macrostructure in the brain that plays a role in initiating motor behavior and reward produced by amphetamine, and possibly cocaine.
The finding that psychomotor stimulant infusions into the BlA did not produce CPP suggests that BlA may not play a role in initiating reward. Conditioned reinforcement studies have demonstrated that this nucleus plays an important role in forming stimulus-reward associations (see Everitt and Robbins 1992; Hatfield et al. 1996) . For example, lesions of the BlA, but not the CeA, disrupt operant responding for a stimulus paired previously with a primary reinforcer (Hatfield et al. 1996; Robledo et al. 1996) . Furthermore, previous research has demonstrated that lesions of the BlA altered the ability of cues to reinstate cocaine SA behavior but did not alter cocaine SA (Meil and See 1997) . Therefore, it is likely that the BlA plays a role in forming associations between environmental stimuli and reward that is initiated elsewhere in the brain.
